For geological studies, interest in mass spectrometry with an inductively coupled plasma as an ion source and its association with laser ablation as a sample introduction technique (LA-ICP-MS) has steadily increased during the past few years and is now being developed in other fields such as archaeology. After a description of the analytical procedure and the calculation method, we show the potential of this technique to characterize, almost non-destructively, archaeological artefacts. Among the 70 elements that could be routinely analysed by LA-ICP-MS with detection limits below the ppm level, we choose to determine the more critical ones in order to evaluate the geochemical models of the magmatic process (major elements, rare earths and some transition elements). A detailed survey of Cappadocian obsidian flows is given, and includes the characterization of nine different sources. Evidence of complex trade activities is clearly shown by the obsidian tools found at different prehistoric sites (from Neolithic to Bronze Age levels) in the Mediterranean and the Near East. New results obtained on some archaeological sites located in Turkey, Syria and Cyprus are presented. They show the importance of Cappadocian sources in obsidian trade. Our results show that LA-ICP-MS allows a non-destructive analysis of archaeological objects and that it combines the advantage of the different classical methods used to characterize obsidian sources (mainly XRF and INAA) with high sensitivity and rapidity. Thus LA-ICP-MS appears to be a very powerful analytical tool and, at this time, this technique is the only one which can non-destructively determine such an important number of elements with such low detection limits.
Introduction
A variety of methods are used to analyse archaeological obsidian, but the majority of them are partially destructive. So, when the object cannot be sampled, due to its value or its rarity the traditional analytical methods (atomic absorption, inductively coupled plasma spectrometry and X-ray fluorescence) are not always applicable.
Among the different non-destructive analytical methods used to characterize these materials, the results obtained by X-ray fluorescence (in a nondestructive way), proton induced X-ray emission (PIXE) and proton induced gamma-ray emission (PIGME) can be limited either by the corroded layers or by the shape of the object's surface.
The use of other methods, such as instrumental thermal neutron activation analysis (INAA) and fast neutron activation analysis using a cyclotron (FNAA), can be limited either by the size or the weight of the object or by the non-determination of the elements needed to solve these archaeogeological problems.
Nowadays, the main methods which are used to characterize obsidian tools are INAA and X-ray fluorescence (Keller et al., 1996; Williams-Thorpe, 1995) . The coupling of these two methods allows a complete characterization of obsidian, as major and minor elements are determined by XRF while rare earths and some other trace elements are analysed by INAA.
During the past few years, the application of mass spectrometry with an inductively coupled plasma as an ion source and its association with laser ablation (LA-ICP-MS) as a sample introduction technique for the characterization of geological materials has steadily increased (Perkins, Pierce & Jeffries, 1993) . Recent studies have shown the interest of ICP-MS in the study of geochemical processes and more particularly for the determination of rare earth element patterns. More recently this technique was used to characterize archaeological materials either in its laser mode (Gratuze et al., 1993b (Gratuze et al., , 1994 or in its liquid mode (Tykot, 1996 (Tykot, , 1997 Tykot & Young, 1996) .
In this work, we study the potential of laser ablation ICP-MS to characterize, non-destructively, archaeological obsidian artefacts. The method is used to characterize Anatolian and Aegean obsidian sources and assign artefacts to them.
Instrumentation
The instrumentation used is a VG Plasma Quad PQXS Inductively Coupled Plasma Mass Spectrometer and a VG UV Laser probe laser ablation sampling device. The laser beam is generated by a Nd YAG pulsed laser whose frequency is quadrupled allowing it to operate in the ultraviolet region at 266 nm.
The laser beam is focused onto the sample surface through the window of a quartz sample cell (5 cm in diameter, 3 cm height). The diameter of the laser beam is adjusted by a set of ceramic apertures and optical lenses, hence the diameter of the ablation crater can range from 20 to 200 m. The repetition rate of the laser may vary from 1 to 10 Hz and the maximum energy of the beam is 2 mJ. Viewing of samples is allowed by a high resolution CCD video camera and colour monitor. Small crater pits of 40 m are made for major element determinations and larger crater pits from 80 m to 100 m are made for minor and trace elements. Sample size should not exceed 5 cm in length and 1·5 cm in thickness to take place in the sample cell. The use of larger cells is under study. ,2   2   3  3  3  3  3  3  3  3  3  3  3   2,3   3  2,3   3   31   75   121   28;29   208   11   27   64  63  56;54  55  51   93   181   48;49   90   178   45   89   139   24;25   44   88   138   7   23   39   85   133   175  174  169  166  165  162  159 The cell is flushed by approximately 1·2 l/min of argon carrier gas. The ablated aerosol is carried through nylon and tygon tubing to the injector inlet of the plasma torch, where the matter is dissociated, atomized and ionized.
The ions are then sampled using a two-aperture system. This two-stage interface enables the transition from atmospheric pressure to the vacuum chamber of the quadrupole system. The first aperture is designed as the sampling cone, and the second one, which provides an ion skimming function, is referenced as the skimmer cone. The region between the cones, the expansion chamber, is evacuated by a single-stage rotary pump producing measured pressures of approximately 2 mbar under normal conditions. To improve the sensitivity by an order of magnitude while the background intensity remains unchanged, a second pump can be added to obtain a lower pressure in the expansion chamber (between 0·6 and 0·7 mbar). This high efficiency ion sampling interface is named the ''S option''. The ion beam produced is then extracted and focused by a series of cylindrical electrodes. The ions are then selected depending upon their mass-to-charge ratio by the quadrupole mass filter and are collected by a channel electron multiplier assembly. An on-axis photon-stop prevents light and neutral species from passing through the quadrupole to the electron multiplier.
The fully extended dynamic range system comprises analogue-ion detection, for major and minor isotopes of major and minor elements, and a pulse-counting technique for trace analysis, so that the arrival of individual ions can be recorded. Pulses from the signal handling electronics are counted into memory channels and subsequently transferred to the data system by the multichannel scaler.
Three basic modes of data acquisition are possible:
Scanning: the entire spectrum or a selected portion is scanned, Peak jumping: pre-selected isotopes are measured by sequentially stepping from one isotope to another, Single ion monitoring: the signal given by a single ion is measured as a function of time; it is also possible to use a time resolved analysis system which allows measurement, in the same conditions, of the signal of different ions as a function of time or ablation location on the sample.
Analytical Procedure
Analytical parameters and instrument set-up are given in Table 1 . A sensitivity ranging from 5 10 5 to 1 10 6 counts/s is achieved for the isotope 115 of indium in the glass standard NIST 610 containing about 450 ppm of indium. Between two and four analytical menus are used, depending on the number of elements determined and on their level of concentration. Under routine conditions, three element menus are used for obsidian characterization ( Table 2) .
The first menu contains all the major elements and some minor or trace elements: Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe and Rb. Measurement is made in the analogue mode. The isotopes used could change from one type of matrix to another to avoid mass interferences. Si is used as an internal standard (usually 28 Si). The second analytical menu contains different trace and minor elements while the third one contains mainly the rare earth elements. In each of these two menus, there is at least one element determined in the All values are in ppm except Na and Fe which are expressed in %. preceding menu; this element will be used as an internal standard (Si is used as the internal standard in the second menu while Ce is used in the third one for rare earth determinations). The elements are here measured in the pulse counting mode. Some acquisition could be made using the ''S option'', depending on the levels of concentration encountered.
In laser mode, the use of several small analytical menus allows better accuracy and detection limits. The analytical time is here limited by the length of the observed ablated signal. As the number of measured pulses is proportional to the time of acquisition of each mass, it decreases when the number of measured masses increases and the sensitivity is lower. In routine conditions, one should avoid analytical menus containing more than 20 different isotopes. This is not observed in the liquid mode (ICP-MS) where longer acquisition time can be used, since in that case the signal does not vary with time. For each menu, one blank and three ablations are done. To correct any instrumental drift, reference materials are analysed every three samples.
Calculation of Concentrations
For each menu, the blank is subtracted from the signal and an average value is calculated from the three ablations. Internal standardization, as described below, is done for each menu. Corrections for isotopic abundance ratios and interferences are also made. A standarized signal for element Y is thus obtained.
Reference materials (glasses from the National Institute of Standards and Technology NIST 610 and 612) are used to calculate response coefficient factors, ''Ky''. The reference values used for these standards are those proposed by Hollocher & Ruiz (1995) and for some elements they were recently readjusted by Norman et al. (1996) . For major element calibration (mainly Al, K and Fe), some geological obsidian samples given by J.-L. Poidevin and analysed by XRF were used as a standard. The coefficient factors, ''Ky'', are defined as follows for each menu:
The results obtained for the first element menu are then normalized to 100% for each sample (a correction could be made for ignition losses). A correction factor, O y , is applied to correct for the presence of oxygen (standard geochemical stoichiometric coefficients are used to calculate the factor).
For the other menus, the internal standard concentration is known, since it has been measured in one of Detection limits are calculated on a pure quartz sample. They range from a few tenths of ppb to some ppm, depending on the measured isotope and on the size of the laser spot. Reproducibility and stability are calculated for 20 analyses of the same sample over 1 week and accuracy is given as the relative deviation between the average values obtained for 20 analyses of the glass reference material NIST 612 and the certified values given for this glass. Detection limits, reproducibility and accuracy are given in Table 3 .
At this time, the main problem encountered with LA-ICP-MS analysis concerns the calibration procedure. As there are very few solid reference materials that can be used to calibrate the method (mainly the NIST 610 and 612 glasses), there is a need to develop new solid standards with an overall composition closer to that of obsidian: for example, there is almost no iron and potassium in the NIST glasses and the obsidian powder NIST 287 cannot be used, even as a pressed pellet, as a reference material to analyse solid obsidian with laser ablation. This problem may be a limiting factor to the rapid development of LA-ICP-MS in this type of study, but should be rapidly overcome. 
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Comparison of LA-ICP-MS Data and Other Analytical Methods
The most common analytical methods used to characterize obsidian are undoubtedly XRF and INAA. The works of Keller et al. (1996) show that a complete chemical characterization of obsidian flows can be obtained by coupling these two methods. A comparison is made, in Table 4 , between our results and the results published by other authors on two geological sources. This comparison uses the results published by Keller & Seifried (1990) , Blackman (1984 Blackman ( , 1986 ) and Yellin and colleagues (Perlman & Yellin, 1980; Yellin & Garfinkel, 1986) for the sources Korü dag and Nenezidag. The relative difference between our values and these published values is in the range of 5-10% for most of the elements and does not exceed 25% except in the case of very low concentration values.
Results on Geological Obsidian Samples
The geological obsidians analysed are listed in Table 5 ; a full description of samples and outcrops is made in Poidevin (1998) .
Average data obtained for the different sources are given in Table 8 (a) and (b). Simple two-element or element ratio diagrams are used to distinguish between these sources (Figures 2 & 3) . The compositional groups are summarized in Table 6 .
The two obsidian samples from West Erzurum fall into the same group in respect to their Y/Zr and Nb/Zr ratios while they form two groups if we look at their Ba and Sr contents. The reverse situation is observed with the obsidian samples from Pasinler. We can also note the slight overlap encountered for the East Gö llü dag 1 and 2 compositional groups in respect of both their Y/Zr and Nb/Zr ratios and Ba and Sr contents (not represented). From an archaeological point of view, the possible confusion of these sources is not dramatic as they are in close vicinity, less than 6 km apart (Figure 1(b) ). Their matched composition may be explained (Poidevin, 1998) in terms of different flows produced from the same magmatic chamber in a short period of time during the Pleistocene (0·9 to 1·3 Ma).
All the others geological sites are easily distinguishable on the basis of their Y/Zr, Nb/Zr ratios and Ba and Sr contents (Figures 2 & 3) .
Archaeological Results
In this study we have first re-analysed some of the obsidian tools already studied by FNAA and published in 1993 (Gratuze et al., 1993a) . In that paper, seven compositional groups were defined for the archaeological artefacts. Some of them (groups 4, 5 and 7) were not assigned to a geological source or their attribution to a given source was doubtful. The artefacts came from different archaeological sites (Table 7) of Cappadocia (Gelveri, Kocatepe and Gedikpasa), Syria-the Syrian coast (Ras Shamra) and the Syrian oasis in the semi-desert steppe (El Kowm, Umm el Tlel), and North Lebanon (Arqa). In 1993, a similarity was observed between the composition of the artefacts from Ras Shamra, Gelveri, Kocatepe, Gedikpasa and Asikli Höyük (group 5) with both the data published by Blackman (1984 Blackman ( , 1986 and by Perlman & Yellin (1980) for the Nenezidag source and a source placed near the village of Kayirli at the north-west of the Gö llü dag and at the south of the Nenezidag (West Gö llü dag 2). The artefacts were then attributed to the Nenezidag source on the basis of their cerium, barium and iron concentrations and also by noting that no use of the other source was reported before. Some of the artefacts of this group have been analysed by LA-ICP-MS together with geological samples from the Nenezidag and the West Gö llü dag 2 sources, and the results show undoubtedly that the artefacts come from the Nenezidag (Figure 4) . This work confirms also the attribution of an artefact from El Kowm (group 7) to the area of Acigöl and allows a more precise attribution of this artefact to the East Acigö l 2 group (Figure 4) .
The obsidian from Arqa is not an artefact but was sampled from a large obsidian piece found on the site. The original block weighs 15 kg and the analytical data show that it comes from the East Gö llü dag sources. Lastly the analyses of the tools from Cheik Hassan and Umm el Tlel (group 4) show that these tools originate in fact from the sources named Catak or Alatepe (Bingöl B in Figure 4 ). All these results confirm the importance of the Bingö l and Gö llü dag area in obsidian trade between Neolithic and Bronze Age times (Chataigner, 1998) .
The method is also applied to the study of the obsidian artefacts found in the Aceramic Neolithic site of Shillourokambos (southern Cyprus). Among the 217 obsidian artefacts found on the site, 31 were analysed using LA-ICP-MS in 1995 (Briois, Gratuze & Guilaine, 1997) . The results (Figure 4) show that all these tools come from two of the Gö llü dag sources: East Gö llü dag 1 and 2. Thirty-three other artefacts were analysed by FNAA in 1992 and 1993; the results obtained show the same origin for 30 of them while three others come from either the Nenezidag or from the source of West Gö llü dag 2, we were not able to distinguish between these sources at that time with FNAA. These results constitute important revelations concerning the early prehistory of Cyprus. They show that contacts between Cyprus and Turkey are more ancient and more important than was first believed (Briois, Gratuze & Guilaine, 1997) .
The locations of both geological samples and archaeological artefacts are reported in Figure 1 (a) and (b).
Conclusions
Since the emphasis of this paper is to show that LA-ICP-MS can be used for both source characterization and artefact trade study we have compared the results obtained by this technique with those obtained by different authors for two Cappadocian sources. For most of the elements, the relative difference between our values and the published values is in the range of 5 to 10%. We have then characterized geological obsidian samples coming from 21 different obsidian outcrops and we have compared their compositions with those obtained for 43 Near-Eastern (Turkey, Syria, Lebanon, Cyprus) tools from various archaeological contexts (eight archaeological sites which are spread in date between the Aceramic Neolithic and the Bronze Age). The geological obsidians samples form 19 different compositional groups and the results obtained on the archaeological artefacts confirm the importance of the Gö llü dag sources (mainly East Gö llü dag 1 and 2) for obsidian trade during the Neolithic times.
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Table 8(b). Average chemical composition of the obsidian samples
in Anatolia and some analytical data on their major element composition which allowed the calibration of the LA-ICP-MS for this type of matrix.
